Human tumors show altered patterns of protein isoforms that can be related to the dysregulation of messenger RNA alternative splicing also observed in transformed cells. Although somatic mutations in core spliceosome components and their associated factors have been described in some cases, almost nothing is known about the contribution of distorted epigenetic patterns to aberrant splicing. Herein, we show that the splicing RNA-binding protein CELF2 is targeted by promoter hypermethylation-associated transcriptional silencing in human cancer. Focusing on the context of breast cancer, we also demonstrate that CELF2 restoration has growth-inhibitory effects and that its epigenetic loss induces an aberrant downstream pattern of alternative splicing, affecting key genes in breast cancer biology such as the autophagy factor ULK1 and the apoptotic protein CARD10. Furthermore, the presence of CELF2 hypermethylation in the clinical setting is associated with shorter overall survival of the breast cancer patients carrying this epigenetic lesion.
Human cells perform their complex physiological roles having only a limited set of genes. Thus, in order to achieve homeostasis, and at the same time respond to changing environment and developmental stages, the presence of precise and dynamic mechanisms of gene regulation is required. Among these, alternative splicing allows the generation of discretely different proteins encoded by the same gene [1, 2] . It is now accepted that the vast majority of human genes undergo some form of alternative splicing [3] and that the thousands of generated protein isoforms overall exert particular activities that are critical for the cellular function. Therefore, the formation of protein diversity is often associated with the distinct skipping or inclusion of exons and other DNA sequences. RNA splicing is thus a highly regulated process that relies on both in trans-regulatory factors and cis-regulatory elements. The spliceosome, the core macromolecular machinery that organizes intron removal and exon junction, and its associated factors includes more than 300 proteins and five small nuclear Supplementary information The online version of this article (https:// doi.org/10.1038/s41388-019-0936-x) contains supplementary material, which is available to authorized users. ribonucleotide particles [4] . The described balanced splicing scenario of the normal cell and tissue becomes highly distorted in cancer. Beyond particular splicing defects of specific genes associated with mutations in skipping sites for those DNA sequences, the overall transcriptome of human tumors exhibits global splicing abnormalities detectable by whole transcriptome analyses [5] [6] [7] , including inefficient exon removal or inclusion of unexpected exons, associated with protein isoforms that contribute to the transforming phenotype [5, 7] . In this regard, an increasing number of cancer-linked mutations in genes encoding spliceosomal proteins and associated RNA splicing factors have recently been reported [7] [8] [9] . However, although on many occasions there is loss of expression of these splicing factors in the absence of any genetic defect, the role of epigenetic lesions targeting splicing in cancer cells have not been addressed.
Herein, we have interrogated the presence of cancerspecific defects in the CELF protein family (CUGBP and ETR-3-like factors), a family of RNA-binding proteins that act as trans-acting factors enhancing or inhibiting exon inclusion into the final messenger RNA (mRNA) [10] [11] [12] . The CELF family consists of six members (CELF1-6) that are all characterized by three RNA recognition motifs, two N terminal and one C terminal with a linker region between them termed the "divergent domain" that is the one involved in alternative splicing [10] [11] [12] . To uncover candidate genetic and epigenetic changes in the CELF family in human tumors, we first datamined a collection of more than 1000 human cancer cell lines in which we have characterized the exome sequence, gene copy number, transcriptome, and DNA methylation profiles [13] . The available genomic data did not identify the presence of CELF1-6 mutations or copy number changes in the studied cell lines (Dataset S1). Although no genetic lesions were observed in the interrogated genes, promoter CpG island hypermethylation and its associated transcriptional silencing is another relevant mechanism of gene inactivation in cancer cells [14] [15] [16] . The promoter-associated CpG islands of CELF1, CELF3, CELF4, CELF5, and CELF6 were mostly unmethylated in the assessed cancer cell lines (Dataset S1). However, a CELF2 promoter CpG island was commonly methylated among different cancer cell lines types, including pancreatic (74%, 20 of 27), gastric (57%, 16 of 28), and breast (46%, 19 of 41) tumors ( Fig. 1a and Dataset S1). The frequency of promoter CpG island methylation status for the six members of the CELF family in the studied breast cancer cell lines is shown in Supplementary Fig. S1 . The CELF2 methylated sites occurred in the CpG island located around the transcription start site of the longest isoform of CELF2 (CELF2-TV2, GRCh37/hg19, NM_006561, originating a 55.7 kDa protein) (Dataset S1). This genomic locus was found unmethylated in all the different normal tissue samples analyzed from the The Cancer Genome Atlas (TCGA) dataset (n = 730) (Dataset S2), including 98 normal breast tissues. Thus, the cancer-specific DNA methylation event at the CELF2 promoter became our focus of interest and was herein further studied in the context of breast cancer.
Having found the CELF CpG island methylation patterns shown above, we assessed in detail the possible association with the loss of the CELF2 gene expression at the RNA and protein levels. We developed bisulfite genomic sequencing of multiple clones in the breast cancer cell lines MCF7, MDA-MB-453, MDA-MB-231, and MDA-MB-436 using primers that encompassed the transcription start site-linked CpG island (Supplementary Methods). We observed that the 5′ end CpG island of CELF2 in the MCF7 and MDA-MB-453 cell lines was hypermethylated in comparison with normal tissues (Fig. 1b) , whereas the MDA-MB-231 and MDA-MB-436 cells were unmethylated ( Fig. 1b) . These data were identical to the DNA methylation profiles obtained by the microarray approach (Fig. 1c ). The methylated CELF2 cell lines MCF7 and MDA-MB-453 minimally expressed the CELF2-TV2 RNA transcript and the CELF2 55.7 kDa protein, as determined by quantitative real-time PCR (RT-PCR) and western blot, respectively ( Fig. 1d ). Expression of CELF2 RNA and protein was found in the unmethylated cell lines ( Fig. 1d ). Treatment of the CELF2-hypermethylated cell lines with the DNA-demethylating agent 5′-aza-2′deoxycytidine restored CELF2 expression ( Fig. 1e ). Overall, these results indicate the presence of cancer-specific promoter CpG island hypermethylation-associated loss of the CELF2 gene. Although we have herein focused in breast cancer, we found that epigenetic silencing of CELF2 also occurred in pancreatic cancer cell lines and primary tumors ( Supplementary Fig. S2 ) and thus these results merit further exploration in future research efforts.
Once we had demonstrated the existence of CELF2 CpG island hypermethylation-linked transcriptional inactivation in human breast cancer cell lines, we studied its contribution to the tumorigenic phenotype in vitro and in vivo. Upon efficient transduction-mediated restoration of CELF2 RNA and protein in hypermethylated MCF7 breast cancer cells ( Fig. 2a ), we tested the potential growth-inhibitory capacity of these cells using the colony formation assay. We observed that the recovery of CELF2 expression by transduction in the MCF7 breast cancer cell line induces a significant decrease in colony formation ( Fig. 2b ). We also translated these findings to an in vivo mouse model where we tested the ability of these CELF2-transduced MCF7 cells to form orthotopic tumors in the mammary fat pad of nude mice compared with empty vector-transduced cells. The recovery of CELF2 expression in these breast tumors diminished their growth in comparison with empty vectorderived tumors, as observed by the continuous measurement of the tumor volume ( Fig. 2c ). Tumor samples obtained at the endpoint of the experimental model showed that tumors derived from CELF2-transduced cells weighed less than those tumors obtained from empty vector-transduced cells ( Fig. 2c ). Thus, our findings suggest that CELF2 has tumor suppressor-like features in transformed cells.
We then wondered about the molecular pathways involved in the growth-inhibitory role of CELF2. In this regard, it is likely that, due to the recognized role of CELF2 in mRNA splicing [10] [11] [12] , the epigenetic loss of CELF2 in breast cancer cells generates a downstream aberrant splicing pattern that contribute to the biology of these tumors. To assess this hypothesis, we performed RNA-sequencing (RNA-seq) to study the transcriptome in empty vectortransduced MCF7 cells (showing CELF2 DNA methylation-associated loss) compared with stably CELF2transduced MCF7 cells to characterize mRNAs whose different transcript isoforms were CELF2-dependent ( Fig.  2d ). The RNA-seq data have been deposited in the Sequence Read Archive repository (https://trace.ncbi.nlm. nih.gov/Traces/sra/), under the SRA study ID: PRJNA510082.
We identified 82 events of differential splicing, reflecting distinct exon/intron usage, upon CELF2 transduction in MCF7 cells (Table S1 ). Most of the CELF2 splicing targeted RNA transcripts corresponded to messenger RNAs (mRNAs) (71 of 82), whereas (11 of 82) were non-coding RNAs (such as pseudogenes and antisense transcripts). Most RNAs (68%; 56 of 82) showed differences in intron retention upon the restoration of CELF2 expression, followed by changes in exon skipping (26%, 21 of 82) and at much lower frequency Body; TSS1500 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,1 0,0 0,1 0,0 cg27041794
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Body; TSS200 0,0 0,0 1,0 1,0 cg11002404 5UTR; 1stExon; Body 0,0 0,0 1,0 1,0 cg04088969 5UTR; 1stExon; Body 0,1 0,1 0,9 0,9 cg25560333 1stExon; Body 0,1 0,0 0,9 0 N=  27  28  41  20  16  5  13  36  30  16  41  21  6  39  54  40  167  31  48  21  37  3 affected alternative 5′-end or 3′-end splicing sites (5%, 4 of 82 and 1%, 1 of 82, respectively) ( Fig. 2d) . In order to better characterize the described set of 82 RNAs with significantly differential splicing in CELF2-transduced MCF7 cells in comparison to empty vector-transduced cells, we performed a gene functional annotation by computing overlaps between our gene list and MSigDB (Molecular Signatures Database) gene set collections. We observed an over-representation of biological processes related to proliferation and phosphorylation (FDR < 0.05 in a hypergeometric test). The top 10 significant GO categories by gene count are shown in Fig.  2e . Among the set of transcripts derived from the RNA-seq experiment that showed different exon usage upon CELF2 recovery, and thus candidate targets of the alternative splicing activity of the protein, we found many genes with known oncogenic or antitumoral activities, such as the autophagy factor ULK1 (unc-51 like autophagy activating kinase 1) [17] , the apoptotic protein CARD10 (caspase recruitment domain family member 10) [18] , the activator of EGFR signaling RHBDF2 (rhomboid 5 homolog 2) [19] , the PTEN competitor FBXL2 (F-box and leucine-rich repeat protein 2) [20] , and the metastasis breast antigen NPTN (neuroplastin) [21] ( Table S1 ). The identification of these transcripts in our RNA-seq approach, which can likely contribute to breast tumorigenesis, motivated us to further validate the role of CELF2 epigenetic loss in their proposed dysregulated alternative splicing. In this regard, we confirmed by exon-specific quantitative RT-PCR (Supplementary Methods) that the restoration of CELF2 expression in MCF7 cells significantly enriched intron 12 retention for FBXL2, whereas retention of the intron 17 for ULK1 and CARD10, retention of the intron 2 for RHBDF2, and exon 2 skipping in NPTN were diminished upon transduction-mediated recovery of CELF2 (Fig. 2f) . These were the same splicing events detected in our "omics" strategy ( Fig. 2d ) for these genes (Table S1 ). We also developed a second model of recovery of CELF2 expression in addition to MCF7. Using the MDA-MB-453 cell line, originally harboring DNA methylation-associated CELF2 silencing (Fig. 1) , we performed transduction-mediated recovery of CELF2 expression. (Supplementary Fig. S3 ). We observed that the intron retention splicing patterns of CELF2-transduced MDA-MB-453 cells ( Supplementary Fig. S3 ) mimicked those observed in CELF2-transduced MCF7 cells (Fig. 2f ). We also validated the CELF2-transduced MCF7 in vivo tumor growth data in the new CELF2-transduced MDA-MB-453 model, where the recovery of CELF2 expression inhibited tumor growth ( Supplementary Fig. S3 ). We also created the opposite model by obtaining a stably CELF2-depleted cell line. In this regard, we used the breast cancer cell line DU4475, unmethylated for the CELF2 promoter and expressing its transcript and protein ( Supplementary Fig. S4 ), N=  296  194  91  189  93  679  245  304  520  222  457  80  84  807  530  285  477  95  137 where we obtained by the short hairpin RNA (shRNA) approach a cell line with depleted levels of the CELF2 transcript and protein ( Supplementary Fig. S4 ). We observed that the induced loss of CELF2 completely reversed the differential intron retention patterns of the target genes ( Supplementary Fig. S4 ) in comparison to the restoration of CELF2 activity in MCF7 (Fig. 2f) or MDA-MB-453 ( Supplementary Fig. S3 ) cells. To further demonstrate the contribution of the differential splicing events mediated by CELF2 loss to breast cancer, we studied one case in detail. Based on our observation that exon 2 retention in NPTN was increased upon transduction-mediated recovery of CELF2 in hypermethylated MCF7 cells (Fig.  2f ), we specifically depleted by shRNA the exon 2 retained isoform of NPTN in these CELF2 stably transduced cells ( Supplementary Fig. S5 ). We found that this intervention reversed the observed CELF2-mediated growth inhibition phenotype (Fig. 2b) , inducing now an increase in colony formation ( Supplementary Fig. S5 ). Overall, these data support that the identified genes are bona fide targets of CELF2-mediated alternative splicing and that the epigenetic loss of this last factor in breast cancer is associated with their imbalanced isoform content in transformed cells.
Finally, we demonstrated that CELF2 hypermethylationassociated silencing was not exclusively an in vitro cell phenomenon by translating our observations to human primary tumors. Data mining of the human primary tumor collection of TCGA project (https://cancergenome.nih.gov/), studied by the same DNA methylation microarray used herein [22] , demonstrated the presence of CELF2 CpG island hypermethylation in a wide spectrum of tumor types ( Fig. 3a ) that resembled the one described in the cancer cell line cohort (Fig. 1a ). Due to our interest and models for CELF2 in breast cancer, we further studied this tumor type in the primary context, observing that the CpG island methylation of CELF2 was found in 39% (263 of 679) of primary breast tumors included in the TCGA dataset ( Fig.  3a) . Using the available RNA-seq data from the TCGA in breast cancer, we observed that CELF2 CpG island promoter hypermethylation was associated with downregulation of its transcript (Fig. 3b ). The link between CELF2 hypermethylation and gene inactivation was further strengthened by data-mining confirmation in early and late passages of PDXs established from human primary breast tumors [23] of the association of CELF2 promoter methylation with the loss of the corresponding transcript ( Supplementary Fig. S6 ). Furthermore, data-mining DNA methylation microarray data available for ductal carcinoma in situ (DCIS) samples [24] , we observed that CELF2 hypermethylation occurred early in breast tumorigenesis, and was already present in 11 of 40 (28%) DCIS cases ( Supplementary Fig. S7 ).
We then wondered whether CELF2 methylation was of any prognostic value with respect to the growth-inhibitory capacity observed in the in vitro ( Fig. 2b ) and in vivo ( Fig.  2c ) models upon CELF2 restoration. To analyze this issue, we studied a cohort of 423 primary breast tumors in which we assessed the CELF2 methylation status by pyrosequencing (Supplementary Methods). We found CELF2 CpG island hypermethylation in 34% (143 of 423) of the primary breast tumor cases, in line with the observed frequency in the TCGA dataset (39%) (Fig. 3a) . CELF2 methylation status was associated with other clinical variables and biomarkers such as younger age (Fisher's exact test p < 0.001), the luminal subtype (χ 2 test p = 0.007) and positivity for estrogen receptor/progesterone receptor (ER/ PR) status (χ 2 test p = 0.018) (Table S2 ). Importantly, these clinicopathological parameters were also significantly associated between them (younger age/ER/PR positivity, χ 2 test p < 0.001; luminal type/ER/PR positivity, χ 2 test p < 0.001) (Table S2 ). Most relevant, the presence of the CELF2 epigenetic alteration was associated with shorter cancer-specific survival (log-rank; p = 0.015; hazard ratio (HR) = 1.48, confidence interval (95% CI) = 1.08-2.04) (Fig. 3c) . These observations indicate that the epigenetic loss of the splicing factor CELF2 constitutes a candidate prognostic marker of poor clinical outcome in breast cancer patients. Furthermore, multivariate Cox regression analysis showed that CELF2 hypermethylation was an independent predictor of shorter cancer-specific survival in breast cancer (HR = 1.40, p = 0.04; 95% CI = 1.02-1.93), in comparison to all other patient characteristics (Fig. 3d) .
Overall, our data indicate that CELF2, a RNA-binding protein involved in alternative splicing, undergoes promoter CpG island hypermethylation-associated transcriptional silencing in human tumors where we have herein particularly focused on the case of breast cancer. From a mechanistic standpoint, the epigenetic loss of CELF2 is associated with an altered downstream pattern of exon usage in a set of target genes. Most importantly from a cellular and clinical view, the epigenetic loss of CELF2 enhances the growth of breast tumors, and it is associated with those breast cancer patients with the worst outcomes.
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